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a b s t r a c t 
A wide homology between human and macaque striatum is often assumed as in both the striatum is involved 
in cognition, emotion and executive functions. However, differences in functional and structural organization 
between human and macaque striatum may reveal evolutionary divergence and shed light on human vulnerability 
to neuropsychiatric diseases. For instance, dopaminergic dysfunction of the human striatum is considered to be 
a pathophysiological underpinning of different disorders, such as Parkinson’s disease (PD) and schizophrenia 
(SCZ). Previous investigations have found a wide similarity in structural connectivity of the striatum between 
human and macaque, leaving the cross-species comparison of its functional organization unknown. In this study, 
resting-state functional connectivity (RSFC) derived striatal parcels were compared based on their homologous 
cortico-striatal connectivity. The goal here was to identify striatal parcels whose connectivity is human-specific 
compared to macaque parcels. Functional parcellation revealed that the human striatum was split into dorsal, 
dorsomedial, and rostral caudate and ventral, central, and caudal putamen, while the macaque striatum was 
divided into dorsal, and rostral caudate and rostral, and caudal putamen. Cross-species comparison indicated 
dissimilar cortico-striatal RSFC of the topographically similar dorsal caudate. We probed clinical relevance of the 
striatal clusters by examining differences in their cortico-striatal RSFC and gray matter (GM) volume between 
patients (with PD and SCZ) and healthy controls. We found abnormal RSFC not only between dorsal caudate, but 
also between rostral caudate, ventral, central and caudal putamen and widespread cortical regions for both PD 
and SCZ patients. Also, we observed significant structural atrophy in rostral caudate, ventral and central putamen 
for both PD and SCZ while atrophy in the dorsal caudate was specific to PD. Taken together, our cross-species 
comparative results revealed shared and human-specific RSFC of different striatal clusters reinforcing the complex 
organization and function of the striatum. In addition, we provided a testable hypothesis that abnormalities in a 
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t  . Introduction 
Animal models provide important perspectives on neural func-
ions, structures and disease, with several studies reporting an over-
ll functional and structural similarity between non-human primates
nd humans ( Goulas et al., 2014 ; Mars et al., 2011 , 2018 ; Miranda-
ominguez et al., 2014 ; van den Heuvel et al., 2019 ). However, the same
tudies have also reported region-specific divergences revealing human-
pecific features potentially related to human-specific disorders. Conse-
uently, comparing brain organization between humans and non-human
rimates can elucidate differentiation in brain organization potentially
ooted in the process of species evolution and enrich our understanding
f specializations in human brain organization ( de Schotten et al., 2019 ;
illing, 2014 ; Van den Heuvel et al., 2016 ) [also see: Friedrich (2021) in
his issue]. 
The striatum is a crucial component of the basal ganglia which
orks in concert with the cerebral cortex to plan and execute behav-
ors ( Haber et al., 2006 ; Haber and Knutson, 2010 ; Marquand et al.,
017 ; Smeets et al., 2000 ). Through diverse afferent projections from
he cerebral cortex, the striatum is embedded in multiple basal gan-
lia circuits and mediates motivations and emotions that drive plan-
ing, cognition that generate appropriate strategy, and action execu-
ion ( Haber, 2003 ; Nakano et al., 2000 ). The classical understanding
f functional and structural organization of the striatum is primar-
ly derived from anatomical and physiological findings in macaques
 Alexander and Crutcher, 1990 ; Alexander et al., 1986 ; Künzle, 1975 ;
elemon and Goldman-Rakic, 1985 ). The internal capsule was artifi-
ially considered as a functional and structural boundary separating
he striatum into caudate and putamen with the caudate considered
o be primarily involved in cognition while the putamen in motor-
elated functions. However, functional and structural complexity of the
triatum based on cortico-striatal circuits goes beyond this simplistic
emarcation as demonstrated by several studies in macaque monkeys
 Calzavara et al., 2007 ; Ferry et al., 2000 ; Yeterian and Pandya, 1991 ).
or instance, the head and the tail circuits of the caudate are involved in
hort-term and long-term valuation, respectively ( Hikosaka et al., 2014 ).
revious studies in macaques have shown that through integrating var-
ous information within the cortico-striatal circuits, both the caudate
nd the putamen participate directly in reward guided behavior and
earning ( Apicella et al., 2011 ; Hassani et al., 2001 ; Hikosaka et al.,
014 , 1989 ; Histed et al., 2009 ; Watanabe et al., 2003 ) and the cortico-
triatal reward circuitry structure and function is conserved across hu-
ans and primates ( Haber and Knutson, 2010 ). In primates, projec-
ions from anteromedial prefrontal cortex to dorsoanterior striatum
ediates learning processes related to reward-related actions, while
rojections from sensorimotor cortex to dorsoposterior striatum medi-
ted processes related to acquisition of habits ( Balleine et al., 2007 ).
hese projections route the information flow through substantia nigra
ars reticularis (SNr) and globus pallidus internal segment (GPi) and
ack to the cerebral cortex. This prior knowledge from non-human pri-
ates and subsequent in-vivo neuroimaging findings in humans sug-
ests that the human striatum is potentially divided into several struc-
ural and functional subregions (i.e. parcels) based on their involvement
n multiple cortico-striatal circuits ( Choi et al., 2012 ; Leh et al., 2007 ;
ziortzi et al., 2014 ). 
Furthermore, recent studies have provided evidence for a correspon-
ence between cortico-striatal functional networks and their gene ex-
ression profiles ( Anderson et al., 2018 ) which combined with the lack
f human-specific transcriptional signature of neoteny in the striatum
 Bakken et al., 2016 ) suggest a strong evolutionarily conserved genetic
akeup of the human striatum. However, recent studies have identi-
ed a substantial number of differentially expressed genes primarily re-
ated to dopamine biosynthesis in the human striatum compared to other
pecies ( Raghanti et al., 2016 ; Sousa et al., 2017 ). These evidences fur-
her support our investigation in shared and human-specific functional
rganization of the striatum. 2 Due to its key roles in cognitive, emotional, executive and mo-
or functions, the human striatum has been implicated in the patho-
hysiology of several diseases. Among them, Parkinson’s disease (PD)
 Owen et al., 1992 ; Zhai et al., 2018 ) and schizophrenia (SCZ) ( Li et al.,
020 ; Simpson et al., 2010 ) are two major socio-economically relevant
isorders with a clear link to dopaminergic deficits within the striatum.
triatal functional and structural abnormalities have been found in pa-
ients compared to healthy controls (HC) ( He et al., 2019 ; Xu et al.,
016 ). Generally, animal models provide relevant insight into poten-
ial pathophysiological mechanisms, options for medical treatment and
linical applications of such experiments for these neuropsychiatric dis-
ases ( Choudhury and Daadi, 2018 ; Qiu et al., 2019 ). Especially, ro-
ent and macaque models are widely used to investigate these disorders
 Castner et al., 2004 ; Cenci and Crossman, 2018 ), however, animal mod-
ls are insufficient if they diverge from human brain organization. Fur-
hermore, many neuropsychiatric diseases primarily affecting humans
ight be influenced by various factors specific to humans like, person-
lity, family and social environment which in turn are associated with
rain organization. It is not possible to transfer such complex character-
stics and their interactions with brain organization to animal models.
ence, it is necessary to investigate whether functional and structural
bnormalities of the striatal organization specific to humans are related
o neuropsychiatric diseases. 
Recent advances in non-invasive in-vivo neuroimaging techniques in
umans and non-human primate makes direct cross-species compari-
on possible ( de Schotten et al., 2019 ) (also see In this issue: Friedrich
t al.). Comparison of the structural organization of the cortico-striatal
ircuits between human and macaque striatum have been conducted
sing probabilistic diffusion tractography (PDT) based on diffusion MRI
 Neggers et al., 2015 ; Xia et al., 2019 ). Neggers et al. (2015) compared
onnections between cortical motor areas and the striatum in human
nd macaque using PDT. They found that the frontal eye fields (FEF)
onnected with the head of the caudate and anterior putamen, and the
rimary motor cortex (M1) connected with more posterior parts of the
audate and putamen in macaque. However, in human, the connectivity
f FEF and M1 is largely with the posterior putamen and to a smaller
egree with the caudate. Xia et al. (2019) also used PDT to identify
he ventral striatum in humans and macaques based on their cortico-
triatal structural connectivity, and then examined interspecies differ-
nces in the structural connectivity fingerprints of this region. These re-
ults show that the structural connectivity for subregions of the ventral
triatum might be dissimilar between humans and macaques. 
Although previous studies have provided rich and diverse informa-
ion about cortico-striatal structural connectivity ( Neggers et al., 2015 ;
ia et al., 2019 ), little is known about the functional connectivity (FC) of
he macaque striatum and whether it differs from humans. FC uses cor-
elation of time series from blood oxygenation level dependent (BOLD)
unctional MRI signals, which reflects the temporal synchrony of neu-
onal activation patterns between brain regions [for review, see Van Den
euvel and Pol (2010) ] including when the FC is measured at rest —i.e.
esting-state FC (RSFC) ( Biswal et al., 2010 ). RSFC has been widely used
n human research to investigate intrinsic neuronal activation pattern of
he striatum to reveal its functional organization ( Barnes et al., 2010 ;
anssen et al., 2015 ; Jaspers et al., 2017 ; Jung et al., 2014 ). For in-
tance, Jung et al. (2014) examined the parcellation of the human stria-
um based on its RSFC to the whole brain. Primarily, the caudate is
ivided into three subregions along the anterior-ventral axis and the
osterior-dorsal axis. The spatial pattern of these three clusters corre-
pond to the head, body, and tail of the caudate. Similarly, the putamen
as split into three subregions but along an anterior-posterior axis. In
ur own work ( Liu et al., 2020 ), we identified joint multi-modal parcel-
ation of the striatum which included RSFC as one modality. We found
hat the striatum was split into subregions along the rostro-caudal and
entro-dorsal axes from coarse ( k = 3) to fine-grained ( k = 9) parcella-
ions based on its intrinsic RSFC. However, similarities and differences in
he functional parcellation of the striatum between human and macaque






























































































































M  re unclear. Such a cross-species analysis can shed light on similarities
f human brain organization with our phylogenetically close relatives,
nd, more importantly, reveal organization specific to humans. In ad-
ition, it remains an open question whether the human-specific striatal
rganization is involved in complex neuropsychiatric disorders which
re often specific to humans. 
In this study, we capitalize on in-vivo neuroimaging data to di-
ectly compare the functional organization of the striatum between hu-
ans and macaques, and subsequently investigated cortico-striatal RSFC
nd structural alteration in the striatal subregions in two neuropsychi-
tric diseases (PD, SCZ). The human neuroimaging data for parcella-
ion was assessed from the Human Connectome Project (HCP), while
acaque neuroimaging data was assessed from the PRIMatE Data Ex-
hange (PRIME-DE). There is a growing interest in comparative MRI
nvestigation of functional and structural organization of the brain be-
ween humans and macaques ( Balsters et al., 2020 ; Mars et al., 2018 ;
anduffel et al., 2014 ; Xu et al., 2019 ). However, most previous studies
nly recruited very small samples ( n < 10) of non-human primate sub-
ects. Although technological and methodological advances have pro-
oted the development of non-human primate research during the past
wo decades, neuroimaging data collection remained limited due to
ack of necessary facilities and capabilities. PRIME-DE addressed these
hallenges by aggregating independently acquired non-human primate
RI datasets and openly sharing them through the International Neu-
oimaging Data-sharing Initiative (INDI) ( Milham et al., 2020 , 2018 ).
enefiting from these two open datasets, we directly compare func-
ional aspects of brain organization between human and macaque. To
ompare functional organization of human and macaque striatum, we
rst employed connectivity-based parcellation (CBP) [for review, see
ickhoff et al. (2015) , Eickhoff et al. (2018) ] that can identify subre-
ions based on their similarities in connectivity, such as RSFC and PDT
 Genon et al., 2018 ; Plachti et al., 2019a ). We used RSFC as connec-
ivity measure to separately perform CBP in human and macaque, and
hen compared the resulting parcels based on their connectivity to a set
f homologous cerebral regions. The Pearson correlation distance was
sed to estimate the dissimilarity of connectivity fingerprints between
uman and macaque striatal subregions. Finally, we compared differ-
nce in cortico-striatal RSFC and in a cross-modal analysis also used
oxel-based morphometry (VBM) to investigate functional and struc-
ural alterations in the human striatal subregions between patients (PD,
CZ) and healthy controls (HC). 
. Methods 
Briefly, we followed a two-step procedure (see Fig. 1 ). In the first
tep we performed CBP based on the RSFC of the striatal voxels with
he whole-brain gray matter voxels to uncover the functional organiza-
ion of the human and macaque striatum separately and chose parcella-
ion schemes based on data-driven model selection. In the second step,
e performed cross-species comparison of the striatal clusters from the
rst step based on their connectivity with a set of homologous cortical
egions. The striatal clusters were then investigated for differences be-
ween patients (PD and SCZ) and HC in their cortico-striatal RSFC and
tructural atrophy based on gray matter (GM) volume. 
.1. Dataset 
For CBP, both human and macaque resting-state functional mag-
etic resonance imaging (fMRI) datasets were obtained from open
ccess sources. We used the Human Connectome Project (HCP)
oung adult sample ( https://www.humanconnectome.org ), assessing
24 unrelated subjects (male/female: 158/166, age range: 22–37
ears). We also selected another dataset with 206 unrelated sub-
ects (male/female: 100/106, age range: 22–36 years) from HCP
n order to retest functional parcellation results (Supplementary
aterial). The macaque monkey dataset was obtained from the3 ecently established PRIMatE Data Exchange (PRIME-DE) project
 http://fcon_1000.projects.nitrc.org/indi/indiPRIME.html ). PRIME-DE
urrently contains 219 macaque monkeys from 25 institutes. In this
tudy, we selected 56 macaque subjects from four institutes; University
f Oxford (male/female: 20/0, age range: 2.41–6.72 years), Institute of
euroscience, China (male/female: 7/1, age range: 3.80–5.99 years),
ewcastle University (male/female: 12/2, age range: 3.90–13.14 years)
nd University of California, Davis (male/female: 0/19, age range:
8.50–22.50 years). We only used these four macaque datasets because
hey provide relatively large resting-state fMRI data sample sizes. Details
f scanning and imaging of HCP and PRIME-DE datasets are listed in Ta-
le S1 and Table S2. Given all macaque data contributed to PRIME-DE
roject were made available regardless of data quality, we performed
uality control and excluded 7 macaque subjects before data analysis
Supplementary Materials). 
For the clinical datasets, we collected resting-state fMRI and T1-
eighted images of Parkinson’s disease (PD) patients from Hein-
ich Heine University Düsseldorf and RWTH Aachen University
 Pläschke et al., 2017 ). Together, these two datasets included 101
atients (female: 47, age: 63.09 ± 10.06) and 96 healthy controls
HC, female: 45, age: 58.87 ± 9.81). We collected resting-state fMRI
f schizophrenia (SCZ) patients and controls from RWTH Aachen
niversity, Center for Biomedical Research Excellence ( Mayer et al.,
013 ), the University of Groningen ( Chen et al., 2020a , 2020b ;
ercammen et al., 2010 ), the University of Göttingen, the University
f Lille ( Lefebvre et al., 2016 ), and Utrecht University ( Clos et al.,
014 ). The pooled SCZ dataset included 142 patients (female: 41, age:
4.94 ± 11.72) and 136 HC (female: 40, age: 33.82 ± 11.11). We also
ollected T1-weighted structural MRI data of SCZ patients from the Cen-
er for Biomedical Research Excellence, the University of Groningen, the
niversity of Lille, the Technical University of Munich and Utrecht Uni-
ersity. These dataset totally included 159 patients (female: 54, age:
5.92 ± 12.08) and 166 HC (female: 64, age: 34.32 ± 11.94). No sig-
ificant sex difference was observed between patients and HC [ 𝜒2 -test:
 = 0.96 for PD and HC, p = 0.92 for SCZ and HC (resting-state fMRI
atasets), p = 0.39 for SCZ and HC (T1-weighted images datasets)]. A
ignificant difference was found in age between PD and HC (two-sample
 -test p < 0.01), but not between SCZ and HC ( p = 0.41 for resting-state
MRI datasets, p = 0.23 for T1-weighted images datasets). Additional
nformation on MR scanning parameter for above datasets can be found
n Supplementary Materials. 
For PRIME-DE, all experimental procedures were approved by local
thics boards prior to any data collection. UK macaque datasets were
btained with Home Office approval and abide with the European Di-
ective on the protection of animals used in research (2010/63/EU).
or the NIN Primate Brain Bank/Utrecht University dataset, postmortem
pecimens were loaned from the Netherlands Institute of Neuroscience
rimate Brain Bank (PBB; http://www.primatebrainbank.org/ ). No in-
ividuals were sacrificed for PBB brain issue. Instead, brains were col-
ected from individuals that died from natural causes or that had to be
umanely euthanized for reasons unrelated to the tissue collection. 
The ethics protocols for analyses of these data were approved by
he Heinrich Heine University Düsseldorf ethics committee (No. 4039,
096). 
.2. Data preprocessing 
Human resting-state fMRI data preprocessing was performed us-
ng SPM12 (Wellcome Trust center for Neuroimaging, London,
ttp://www.fil.ion.ucl.ac.uk/spm/software/spm12 ). The preprocessing
as consistent across the human datasets. For the HCP we used the
inimally preprocessed volumetric data in the Montreal Neurological
nstitute (MNI) space ( Glasser et al., 2013 ; Van Essen et al., 2012 ). We
erformed additional steps on HCP data and the other human data sets
ere preprocessed to optimally align fMRI time-series in the common
NI space and remove motion artifacts and nuisance signals. For each
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 1. A sketch of our proposed pipeline 
depicting its use on the left striatum. (A) 
Connectivity-based parcellation (CBP) of hu- 
man and macaque striatum based on the RSFC 
between the striatal voxels and whole-brain 
gray matter voxels. Each subject’s RSFC con- 
nectivity matrix is then subjected to k -means 
clustering while varying number of clusters. 
The final number of clusters was selected us- 
ing several data-driven model selection crite- 
ria. The subject-level clusters where then ag- 
gregated into group-level clustering for hu- 
mans and macaques separately. (B) Cross- 
species cortico-striatal connectivity: The RSFC 
between striatal voxels and regions of regional 
map (RM) was calculated for each subject and 
then averaged. The distance between each hu- 
man striatum voxel and each macaque striatum 
voxel was calculated using the Pearson cor- 
relation (1-R) between the corresponding RM 
connectivity profiles. (C) Comparison of CBP- 
derived parcels cross-species. The permutation 
based Z -scores were calculated for comparing 
the cortico-striatal RSFC of the CBP-derived 

























































t  ubject, we excluded the first four echo planar imaging (EPI) volumes to
llow the MRI signal to reach steady state followed by realignment to the
rst and successively to the mean image. Next, the mean EPI was coreg-
stered to the GM probability map and normalized to MNI space using
he unified segmentation algorithm ( Ashburner and Friston, 2005 ). Sub-
equently, we applied this non-linearly transformation to all EPI images
efore smoothing with a kernel of 5 mm full width at half maximum
FHWM). Finally, we performed time series denoising using multiple
egression of mean white matter (WM) and cerebrospinal fluid (CSF)
ignals, and 24 motion parameters ( Satterthwaite et al., 2013 ) before
and-pass filtering (0.01–0.08 Hz) the residuals. Note that we did not
se the individual T1 images for normalization as the EPI based align-
ent has been shown to provide good results ( Calhoun et al., 2017 ;
ohmatob et al., 2018 ), and the segmentation of the mean EPIs with
nified segmentation uses tissue probability maps as priors helping de-
ineation in sub-cortical regions. 
Macaque resting-state fMRI data preprocessing was per-
ormed using SPM12 and the FMRIB Software Library (FSL,
ttps://fsl.fmrib.ox.ac.uk/fsl/fslwiki ). The first four volumes of
he EPI images were discarded. After brain extraction using FSL BET, all
mages were head motion corrected by aligning to the first EPI image.
ext, T1 image was registered to Yerkes19 template, and the mean EPI
mage was coregistered to T1 image. The EPI images were non-linearly
ormalized to Yerkes19 template with voxel size of 1 × 1 × 1 𝑚 𝑚 3 by
sing the transformation parameters from last step in FSL. Then all EPI
mages were smoothed with a FHWM of 3 mm. Next we performed WM,
SF signal and head motion regression as well as band-pass filtering
imilar to the human data. 
We also tested the robustness of our human CBP results using the
MRIB’s ICA-based Xnoiseifier (FIX) based artifact removal on the HCP
ata. For all human and macaque subjects, we further calculated voxel- u  
4 ise temporal signal-to-noise (tSNR) for all the voxels in the striatum
Supplementary Materials). 
.3. Region of interest (ROI) definition 
Human striatum: The region of Interest (ROI) for the human left and
he right striatum were extracted using the Harvard-Oxford subcortical
tructural probability atlas available via FSL. We extracted the caudate
nd putamen with a voxel size of 2 mm x 2 mm x 2 mm based on a
robability threshold of 25%, and then combined these structures into
ne human striatal ROI for each hemisphere. This procedure resulted in
 left striatum ROI with 1286 voxels (caudate: 487, putamen: 799) and
 right striatum ROI comprising 1307 voxels (caudate: 511, putamen:
96). 
Macaque striatum: The ROI for the macaque left and right striatum
ere extracted using the INIA19 template ( Rohlfing et al., 2012 ). We ex-
racted both caudate and putamen and resampled them to the Yerkes19
pace with a voxel size of 1 mm x 1 mm x 1 mm. We also combined
he caudate and putamen into one macaque striatal ROI for each hemi-
phere. The numbers of voxels was 1457 (caudate: 551, putamen: 906)
n the left and 1445 (caudate: 550, putamen: 895) in the right striatum
f the macaques. Different voxel sizes resulted in a similar resolution
or each species as reflected in the similar number of striatal voxels in
uman and macaque ROIs. 
.4. Connectivity-based parcellation using functional connectivity 
.4.1. Whole-brain resting-state functional connectivity 
We estimated the resting-state functional connectivity (RSFC) be-
ween the striatal voxels and the whole-brain voxels. To this end, we
sed preprocessed resting-state fMRI data to calculate the Pearson cor-



























































































































elation between the time series of each voxel within the striatum and all
ther GM voxels for each human and macaque subject. The correlation
oefficients were then Fisher- Z transformed. One resting-state functional
onnectivity matrix was calculated per individual. 
.4.2. Clustering algorithm 
In line with previous connectivity-based parcellation (CBP) studies
 Crippa et al., 2011 ; Genon et al., 2018 ; Jung et al., 2014 ; Plachti et al.,
019a ; Xu et al., 2020a ), voxels within a ROI are grouped into dis-
inct clusters (i.e., subregions) through a clustering algorithm based
n their similarity in RSFC patterns. Generally, k -means clustering di-
ides a given ROI into a preselected number of k non-overlapping clus-
ers ( Nanetti et al., 2009 ). The k -means algorithm is known to pro-
ide accurate parcellation results compared to other clustering methods
 Thirion et al., 2014 ). In this study, we applied the k -means clustering as
mplemented in the yael package ( https://gforge.inria.fr/projects/yael )
n the individual RSFC matrix. The numbers of potential subdivisions
rom 2 to 7 clusters were investigated. Based on reported results in the
iterature, we assumed that a meaningful organization of the striatum
an be observed at low and medium resolution but not at very high res-
lution (i.e. not in more than 7 subdivisions). For each k -means run,
he best solution based on the sum of squares from 100 initializations
ith a randomly placed initial cluster centers were used. Importantly,
or each solution, k -means clustering was performed at the individual
evel. Resulting individual-level cluster solutions were then combined
nto a single group-level parcellation by computing the most frequent
luster assignment for each striatal voxel across all human or macaque
ubjects separately. Note that we use the terms cluster and parcel inter-
hangeably. 
The group-level parcellation from the individual-level clusters were
alculated as follows. First, a consensus clustering of the individual-level
lustering solutions is calculated using the hierarchical clustering algo-
ithm with the Hamming distance to account for the arbitrariness of the
luster ids across solutions and with the number of clusters equal to the
umber of clusters in the individual solutions under consideration. Each
ndividual-level solution is then matched with the hierarchical cluster-
ng using a permutation that maximizes the match of the cluster ids. The
nal group-level solution is then calculated as the mode of the aligned
ndividual-level clustering solutions. This procedure identifies a cluster-
ng that is representative of the whole group. 
.4.3. Cluster selection criteria 
As clustering is an unsupervised process, it is difficult to know
hich model selection criteria to use ( Friedman et al., 2001 ). We,
herefore, selected the cluster solutions based on five different criteria
 Eickhoff et al., 2015 ): two topological criteria (percentage of misclas-
ified voxels, and hierarchy index), an information-theoretic criterion
variation of information across cluster solutions) and two cluster sepa-
ation criteria (change in inter/intra cluster distance and the silhouette
ndex). Detailed information about each criterion and the selection pro-
edure can be found in the Supplementary Materials. 
.5. Cross-species comparison 
.5.1. Homologous cortico-striatal RSFC 
We calculated cortico-striatal RSFC of humans and macaques based
n the cortical ROIs selected from the Regional Map parcellation (RM)
efined by Kötter and Wanke (2005) . The RM is based on cytoarchi-
ectonic, gross anatomical, and functional criteria, minimizing cross-
pecies discrepancies in ontology. Reid et al. (2016) compared diffusion-
ased structural connectivity strength in humans with neuronal tracer-
ased structural connectivity strength in macaques based on the RM
howing a moderately high correspondence. Goulas et al. (2014) em-
loyed the RM to compare the structural connectivity between
acaques and humans and demonstrated a good overall correspondence
roviding additional validation of the RM for cross-species comparison.5 he RM thus provides a good way for cross-species comparison between
umans and macaque monkey. The RM parcellation contains 82 cortical
egions (see Fig. S1 and Table S3). For each human and macaque sub-
ect, we calculated the Pearson correlation between the averaged time
eries across all voxels within each cortical RM ROI and the time se-
ies of each striatal voxel to create a cortico-striatal RSFC matrix. Each
ow of this matrix represents the connectivity pattern of a striatal voxel
ith each of the 82 RM ROIs. We averaged the connectivity matrices
cross human subjects and across macaque subjects to generate group-
epresentative homologous cortico-striatal RSFC matrices separately for
oth species and both hemispheres ( Fig. 4 ). 
.5.2. Cluster-based cross-species comparison 
As the RM regions are considered homologous, we could estimate
he dissimilarity between a human striatal voxel and a macaque stri-
tal voxel using the Pearson correlation distance ( 1 − 𝑟 ) between their
onnectivity pattern with the RM regions. By calculating distances be-
ween all pairs of human and macaque striatal voxels we obtained two
ross-species distance matrices ( D ), one for the left and one for the right
triatum. In this matrix an element 𝐷 𝑖𝑗 quantifies the dissimilarity be-
ween the cortico-striatal RSFC pattern of a human striatal voxel i with
hat of a macaque striatal voxel j . As our aim is to compare human
nd macaque striatal clusters obtained by functional CBP, we used a
oxel-wise distance matrix D together with the cluster labels from the
lustering results to estimate the distance between all human-macaque
arcel pairs. The distance between a human-macaque parcel pair H-M
as calculated as the average of all human and macaque striatal voxel-
ise distances assigned the human cluster H and the macaque cluster M,
.e. 𝑀 𝑒𝑎 𝑛 𝑡𝑟𝑢𝑒 ( 𝐻− 𝑀 ) = 
∑
𝑖 ∈𝐻,𝑗∈𝑀 𝐷 𝑖𝑗 ∕ |𝐻 | × |𝑀|. A human-macaque par-
el pair can be deemed to have a significantly similar cortico-striatal
SFC pattern if the distance between them is less than what can be ex-
ected by chance. To achieve this, we used a permutation test in which
he cluster labels assigned to the voxels were permuted. As a human
arcel can be similar to multiple macaque parcels and vice versa, we
erformed permutations in two ways. First, we test whether a human
arcel is similar to randomly generated macaque parcel by shuffling the
luster assignment of macaque striatal voxels (the columns of D ) and cal-
ulating the distance between a human parcel and the shuffled macaque
arcel. By repeating this permutation 5000 times we obtain an empirical
istribution [ Mean 1, 2 , 3… 5000 (H − M) ]. The mean and standard devia-
ion of this empirical distribution is then used to calculate the Z -score





𝑀 𝑒𝑎 𝑛 𝑡𝑟𝑢𝑒 ( 𝐻− 𝑀 ) − 𝑀 𝑒𝑎 𝑛 𝑝𝑒𝑟𝑚𝑢𝑡𝑒𝑑 ( 𝐻− 𝑀 ) 
𝑆𝑡 𝑑 𝑝𝑒𝑟𝑚𝑢𝑡𝑒𝑑 ( 𝐻− 𝑀 ) 
A lower value of 𝑍 𝐻− 𝑀 
𝐷 
reflects higher similarity of the cortico-
triatal RSFC between a human parcel H and a macaque parcel M com-
ared to randomly selected macaque striatal voxels. In the same way,
e calculate 𝑍 𝑀− 𝐻 
𝐷 
by shuffling the cluster assignments of the striatal
uman voxels which reflects relative similarity of the cluster pair with





𝑀 𝑒𝑎 𝑛 𝑡𝑟𝑢𝑒 ( 𝑀− 𝐻 ) − 𝑀 𝑒𝑎 𝑛 𝑝𝑒𝑟𝑚𝑢𝑡𝑒𝑑 ( 𝑀− 𝐻 ) 
𝑆𝑡 𝑑 𝑝𝑒𝑟𝑚𝑢𝑡𝑒𝑑 ( 𝑀− 𝐻 ) 
We employed a strict criterion that both Z-scores must be below a
hreshold value to declare the corresponding cluster pair to have signif-
cantly similar cortico-striatal RSFC. We set the significance threshold
t 2 standard deviations (2SD = − 1.96). 
In addition, we also visually checked spatial correspondence be-
ween the cluster pairs (i.e. within the whole striatum) and if a human
triatal cluster was not deemed similar to any spatially corresponding
acaque striatal cluster then this cluster was labeled as showing dis-
imilar cortico-striatal RSFC between human and macaque —i.e. a clus-
er with human-specific cortico-striatal RSFC. Macaque-specific clusters
ere identified in a similar way. 
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 2. Connectivity-based parcellation (CBP) 
of left (A) and right (B) human and macaque 














































































d  .5.3. Human-specific cortico-striatal RSFC 
We further investigated how the cortico-striatal RSFC differed be-
ween humans and macaques for the human-specific striatal clusters
dentified in our previous analysis. For this, first the averaged cortico-
triatal RSFC matrices based on each striatal voxel and the 82 cortical
M regions for all human and all macaque subjects were calculated. The
verage cortico-striatal RSFC across a given human-specific cluster vox-
ls and corresponding spatially similar macaque-specific cluster voxels
as calculated. The macaque-specific connectivity was subtracted from
he human-specific connectivity and the difference was Z -scored for vi-
ualization purposes. Note that a higher score here indicates a stronger
onnectivity in human while a lower score indicates a stronger connec-
ivity in macaque. 
.6. Cortico-striatal RSFC and voxel-based morphometry (VBM) analysis 
n disease 
To gain insights into which striatal clusters, and especially the
uman-specific striatal clusters, are related to clinically relevant func-
ional and structural alterations in humans, we investigated differences
n cortico-striatal RSFC and GM volume of striatal clusters between pa-
ients (PD and SCZ) and HC. 
Resting-state functional images were preprocessed with the same
teps as described in “Data preprocessing ”. We calculated the Pearson cor-
elation between the averaged time series of the voxels within a given
triatal cluster and averaged time series of all voxels within each cortical
egion based on RM. Finally, we examined differences in RSFC of each
triatal cluster and each RM region between patients and HC by using
 two-sample t -test while controlling for “sex ”, “age ” and “sites ”. The
esulting p-values were FDR corrected. This analysis was performed for
eft and right striatal clusters separately. 
We also investigated differences in averaged GM volume of stri-
tal cluster between patients and HC. T1-weighted images were
reprocessed using the Computational Anatomy Toolbox (CAT12,
ttp://www.neuro.uni-jena.de/cat/ ) in SPM12. All images were first
egmented into GM, WM, and CSF using the standard unified segmenta-
ion. We then processed the images using the standard settings in CAT12,
ncluding DARTEL normalization, spatially adaptive non-linear means
enoising, a Markov random field weighting of 0.15, bias regulariza-
ion (0.0001) and FWHM cutoff (60 mm). The resulting normalized GM
egments were modulated only for the non-linear components of the
eformation, which means we only used local and non-linear deforma-
ions to adjust the head size to estimate the GM volume. Next, we ex-6 racted the average GM volume for the human-specific striatal clusters
or each subject and examined if they differ between patients and HC.
onsidering that differences in GM volume might be associated with
ex, age, hemisphere and sites, we applied a six-way analysis of vari-
nce (ANOVA) that included not only “disease status ”, but also “striatal
lusters ”, “sex ”, “age ”, “hemisphere ” and “sites ” as factors. 
. Results 
We first investigated the functional parcellation of the human and
acaque striatum separately from low to high levels of subdivision and
xamined how the different cluster solutions were supported by the five
ata-driven model selection criteria. For each striatum ROI (human and
acaque, left and right side), we identified the appropriate cluster so-
ution that was supported by the majority of the criteria. 
.1. Human striatum 
We found that the human striatum was split into clusters (i.e. parcels)
long the dorso-ventral and rostro-caudal axis for both left and right side
rom low to high levels of subdivision (i.e. k = 2–7 clusters, Fig. 2 ). At
 = 2, the human striatum was divided into caudate and putamen. At
 = 3, the putamen was subdivided into a rostral and caudal cluster. At
 = 4, for the left side, the putamen was further split into ventral, cen-
ral and caudal clusters. However, for the right striatum, the caudate
as split into rostral and dorsal cluster. At k = 5, the left caudate was
ivided into rostral and dorsal clusters, which similar to that of right
audate at k = 4. In turn, the right putamen was split into three clusters,
hich similar to that of left putamen at k = 4. Similar striatal clusters
ere found between left and right side at k = 6, including rostral, dor-
omedial, dorsal caudate and ventral, central, caudal putamen. At the
ighest level of subdivision ( k = 7), for the left side, the caudal puta-
en was divided into a dorsal and a ventral part. However, for the right
ide, we found an additional small cluster located between the central
nd ventral putamen. 
.2. Macaque striatum 
As expected, at k = 2, both macaque left and right striatum were
ivided into caudate and putamen similarly to what we found in the
uman striatum ( Fig. 2 ). At k = 3, the caudate was divided into rostral
nd dorsal parts, while at k = 4, we found a ventral cluster that was
erived from the putamen in the 2-cluster solution. At k = 5, for the left


























































































































n  ide, the rostral caudate from the 3-cluster solution was split into two
lusters including the medial and lateral parts. For right side, the ven-
ral putamen obtained from k = 4 was divided into two parts along the
orso-ventral axis. At k = 6, the putamen was divided into rostral and
audal clusters for left side, while was divided into rostrodorsal, rostro-
entral and caudal clusters for right side. In addition, for the left side,
e found a dorsomedial cluster that derived from the dorsal caudate. At
he highest level of subdivision ( k = 7), the division of the putamen in
he left side was similar to that of the right side at 6-cluster solution. For
he right side, we found an additional small cluster that derived from
audal putamen. 
.3. Selection of cluster solutions 
We then investigated how these functional parcellation solutions of
he striatum from low to high levels of subdivision were supported by
he data itself based on several cluster selection criteria. Fig. S4-S7 and
able S5 show the results of cluster solution criteria for both human and
acaque striatum. 
Human striatum (Fig. S4-S5): both the Hierarchy index and variation
f information across clusters criteria suggested the 6-cluster solution
ver the others for left side. The Hierarchy index also supported the
-cluster solution for both side, and 6-cluster solutions for right side. 
Macaque striatum (Fig. S6-S7): both the percentage of misclassified
oxels and silhouette value criteria supported the 6-cluster solution for
oth side. The Hierarchy index criterion suggested k = 3 for both side,
hile the variation of information criterion supported a 5-cluster solu-
ion for the left side, and 3-cluster solution for the right side. 
Most criteria supported 3 and 6 cluster solutions which can be re-
arded as the stable solutions in both left and right striatum in both
uman and macaque CBP analysis. Thus, for subsequent analyses we fo-
used on these parcels and compared their cortico-striatal RSFC across
uman and macaque. 
.4. Three and six parcels of human and macaque striatum 
Fig. 3 shows detailed location information of human and macaque
triatal parcels with 3 and 6 clusters. For k = 3, the human left and
ight striatum were subdivided into caudate, rostral and caudal puta-
en ( Fig. 3 A). In macaque, left and right striatum were split into puta-
en, rostral and dorsal caudate at this solution ( Fig. 3 B). For k = 6,
he parcellation of the human left and right striatum were also simi-
ar, which include dorsal, dorsomedial and rostral caudate and ventral,
entral, and caudal putamen ( Fig. 3 A). In macaques, the parcellation of
he left and right striatum were slightly different for the 6-cluster solu-
ion ( Fig. 3 B). We found dorsal, rostrodorsal, rostroventral caudate and
audal putamen for both left and right side. They differed only in that
he left side had an additional dorsomedial caudate, while the right side
ad an additional rostroventral putamen. The details for the between
ubject and individual-level and group-level parcels are provided in the
upplementary Materials (Fig. S8). 
.5. CBP robustness checks 
We performed several control analysis to check the robustness of our
lustering solutions. First, we performed split-half analysis to check the
ffect of sample selection and found the group-level clustering solutions
o be stable across 1000 random splits of the data. We then reanalyzed
he HCP data but this time after applying the FIX-based denoising which
rovides an alternate way to remove motion artifacts. We found a high
evel of match using the adjusted rand index (ARI) between the reported
arcels and the FIX-denoised parcels; 0.86 ( k = 3) and 0.69 ( k = 6) for
he human left striatum and 0.88 ( k = 3) and 0.75 ( k = 6) for the human
ight striatum for the selected clustering solutions. We then performed
wo replication analyses. These results were highly similar with the solu-
ions obtained in our main analysis [all adjusted rand index (ARI) above7 .58]. The second replication was performed on a separate HCP sample
hich showed all ARI above 0.56 (Table S4). To further validate our hu-
an striatum parcellation, we estimated the RSFC between the striatal
lusters (at k = 6) and seven cortical networks ( Yeo et al., 2011 ) based
n averaged RSFC across all subjects. We observed that the RSFC pat-
erns between our striatal clusters and the seven cortical networks was
imilar to that of Choi et al. (2012) (Fig. S10) showing that our RSFC
ased functional parcellation is in line with a previous large-scale study.
etails of these control analyses are provided in the Supplementary Ma-
erials. 
We also performed robustness checks for the macaque clustering so-
utions. Specifically, we performed split-half analysis, and compared the
ain solutions ( k = 3 and 6) with that obtained using only anesthetized
ubjects (all ARI above 0.9) and with a hold-out sample of 12 subjects
all ARI above 0.3). Several additional tests were performed to check the
alidity of the human and macaque clustering solutions including a dif-
erent way to obtain the group-level parcellation, permutation tests and
emoval of border voxels (see Supplementary materials and Table S6).
e further tested the sensitivity of the group-level clustering to sample
ize and our results show that larger samples, as used here, provide a
etter signal resulting in more stable group-level parcellation (Fig. S9).
hese analyses indicated that our clustering solutions are robust (see
upplementary materials). 
.6. Cross-species comparison 
We used the regional map (RM)-derived 82 homologous cortical re-
ions to calculate cortico-striatal RSFC comparable across human and
acaque. Fig. 4 A shows cortico-striatal RSFC between each left and
ight striatal voxel and cortical regions separately averaged across hu-
an or macaque subjects. We adopted the Pearson correlation distance
etric to estimate the dissimilarity of connectivity between any given
uman and macaque striatal voxels ( Fig. 4 B1 left striatum, Fig. 4 B2 right
triatum). 
.6.1. Cluster-based cross-species comparison 
We calculated permutation-based Z -scores to assess cross-species
imilarity of the functional parcels. Note that the we obtained two Z-
cores, one after permuting macaque cluster assignments and the other
fter permuting human cluster assignments, and a human-macaque clus-
er pair was deemed to show significant similarity in their cortico-
triatal RSFC only if both Z-scores were below the significance thresh-
ld (see Methods). We focused on the 3- and 6-cluster solutions as these
ere supported by various cluster selection criteria. For the 3-cluster so-
ution, we found significantly similar cortico-striatal RSFC between hu-
an left and right caudal putamen and macaque left and right putamen,
s well as between human left and right rostral putamen and macaque
eft and right rostral caudate ( Fig. 5 A). For the 6-cluster solution, signif-
cantly similar cortico-striatal RSFC was found between the human and
acaque left caudal putamen ( Fig. 5 B). Meanwhile, the cortico-striatal
SFC of human left ventral and central putamen were significantly sim-
lar to that of macaque left rostral, dorsomedial caudate and rostral
utamen. We also observed significant similarity in cortico-striatal RSFC
etween human left rostral caudate and macaque left rostrolateral cau-
ate. For the right striatum, similar results were observed for human and
acaque caudal putamen. The cortico-striatal RSFC of human right ven-
ral and central putamen were significantly similar to that of macaque
ostroventral caudate and rostral putamen. In addition, we also found
he human right dorsomedial and rostral caudate have significant sim-
lar cortico-striatal RSFC with macaque right rostral caudate. In sum-
ary, we found similar cortico-striatal RSFC in dorsomedial, rostral cau-
ate and putamen between humans and macaques at 3- and 6-cluster
olutions. 
Interestingly, we found that the dorsal caudate cluster in humans did
ot match with any of the macaque clusters, especially not with spatially
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 3. The location of each cluster for human 
(A) and macaque (B) striatum at 3 and 6 clus- 
ters solutions. The sagittal, coronal and cross 
section views (C) provide detailed localization 





















0  imilar macaque cluster. This cluster was therefore labeled as showing
uman-specific cortico-striatal RSFC. 
.6.2. Cross-species difference in cortico-striatal RSFC of dorsal caudate 
To further investigate the cortical connectivity of the human-specific
arcel, we calculated difference in the connectivity of the human and
acaque dorsal caudate parcels based on its connectivity with the cor-
esponding homologous 82 cortical RM ROIs ( Fig. 6 ). For both left and
ight side, we found the human dorsal caudate to be more strongly con-
ected to prefrontal regions while the macaque dorsal caudate to be
ore strongly connected to the visual areas and to the pre/postcentral
yri. The pre/postcentral gyri are a part of the sensorimotor circuits,8 ith the precentral gyrus mainly related to motor functions while the
ostcentral gyrus corresponds to the primary somatosensory cortex
 Johns, 2014 ). 
.7. Difference in cortico-striatal RSFC of striatal clusters between patients 
nd HC 
We found significant differences in cortico-striatal RSFC of multiple
triatal clusters for both PD and SCZ compared to HC ( Fig. 7 ). 
For PD, cortico-striatal RSFC of left and right ventral, central, cau-
al putamen and rostral caudate was significantly different than HC ( p <
.05, FDR corrected). Significantly weaker RSFC between central puta-
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 4. Cortico-striatal resting-state functional 
connectivity (RSFC) for human and macaque 
(A). Pearson correlation distance of each voxel 
based on cortico-striatal connectivity of human 
and macaque for cross-species comparison (B). 
Fig. 5. Permutation based Z -score of Pear- 
son correlation distance for cluster-based cross- 
species comparison. The human and macaque 
clusters were generated from connectivity- 
based parcellation at k = 3 (A) and 6 (B). 
Fig. 6. Difference in cortico-striatal resting- 
state functional connectivity (RSFC) of dor- 
sal caudate (at k = 6) between human and 
macaque. The cortical regions with posi- 
tive value represent stronger connection with 
the human dorsal caudate, while a negative 
value reflects stronger connectivity between 
macaque dorsal caudate and homologous corti- 
cal regions. The difference in RSFC values were 
Z-scored for visualization ease. 
9 
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 7. Significant differences in cortico- 
striatal RSFC of striatal clusters (at k = 6) be- 
tween A) PD patients versus HC, B) SCZ pa- 
tients versus HC. The color boxes represent sig- 
nificant p value ( p < 0.05, FDR corrected). The 
solid boxes represent RSFC in HC > Patient, 
while the dashed boxes represent RSFC in Pa- 
tient > HC. Abbreviation: PD, Parkinson’s dis- 
ease; SCZ, schizophrenia; HC, healthy controls; 


























































































(  en and caudal putamen with inferior parietal cortex (IPC) were found
n PD compared to HC. A significantly stronger RSFC in PD compared
o HC was found between right dorsal caudate (i.e., the human-specific
luster) and IPC, anterior cingulate cortex (ACC), secondary somatosen-
ory cortex (S2), and secondary auditory cortex (A2). 
For SCZ, the human-specific dorsal caudate cluster showed the most
ignificant differences between patients and controls on both left and
ight sides, 18 and 26 respectively ( Fig. 7 ), with the majority of them
igher in SCZ (17 and 26, respectively). For this cluster, SCZ showed a
ignificantly higher RSFC with the temporal cortices including superior
emporal cortex (STC and VTC), visual areas (V1 and V2, dVAC and ven-
ral part vVAC), A2, primary somatosensory cortex (S1), and subgenual
ingulate cortex (SSC). Significantly lower RSFC between caudal puta-
en and ventrolateral prefrontal cortex (vlPFC), ventrolateral premo-
or cortex (vlPMC), but a significantly higher RSFC between this striatal
luster and temporal cortices (inferior and ventral, ITC and VTC), and
nterior visual area (dorsal part, dVAC) were found in SCZ compared to
C. Significantly lower RSFC between central putamen and vlPMC, but
ignificantly stronger RSFC between this cluster and posterior cingulate
ortex (PCC) and vVAC were found in SCZ than in HC. For ventral puta-
en, we found significantly lower RSFC in SCZ patients as compared
o HC between this striatal cluster and vlPFC, vlPMC, medial premotor
ortex (MPMC), and ACC. However, we also found significantly higher
SFC between this striatal cluster and PCC, and vVAC., We found sig-
ificant differences between the connectivity of left side rostral caudate
ith prefrontal, parietal, and premotor cortices, while significant differ-
nces between connectivity of right rostral caudate with visual and au-
itory areas and central temporal cortex (CTC). In addition, although we
ound no significant difference in cortico-striatal RSFC of the dorsome-
ial caudate between PD and HC, some significant results were detected
etween SCZ and HC. For example, significantly lower RSFC between
orsomedial caudate and IPC, MPMC, and dorsolateral prefrontal cor-
ex (dlPFC), while significantly higher RSFC between this striatal cluster
nd SSC and dVAC were found in SCZ compared to HC. 
Taken together, we found significant difference in cortico-striatal
SFC of central, ventral putamen and rostral caudate between patients
PD and SCZ) and HC. Interestingly, for the dorsal caudate (i.e., the
uman-specific cluster), almost all significant results showed a higher
ortico-striatal RSFC in patients (PD and SCZ) compared to HC. In addi-
ion, for SCZ, most of the significant differences were observed between
his striatal cluster and visual areas, auditory and somatosensory cortex.
.8. Alteration in GM volume of striatal clusters in PD and SCZ 
We analyzed how “disease status ”, “striatal clusters ”, “age ”, “sex ”,
hemisphere ” and “sites ” are related to the average GM volume of the
triatum by applying a six-way ANOVA. 
Main effect 10 We found significant main effects of “disease status ”, “striatal clus-
ers ”, “sex ”, “age ”, “hemisphere ” and “sites ” on the average GM volume
n both disorders ( Fig. 8 ). Both PD and SCZ patients showed significantly
ower GM striatal volume compared to HC ( p < 0.001). When combin-
ng PD and HC, male subjects had a significant lower GM volume than
emale subjects, but we found an inverse result in SCZ and HC dataset.
ounger subjects had a higher GM volume than older subjects. The cor-
elation analysis showed a significant negative correlation between the
M volume of the striatum and age (PD and HC: r = − 0.301, p < 0.001,
CZ and HC: r = − 0.389, p < 0.001). In addition, we found significant
igher GM striatal volume in left hemisphere compared to right hemi-
phere ( p < 0.001). 
Interaction effects 
We then focused on the interaction effects of the factor “disease sta-
us ” (PD and SCZ separately) with other factors (i.e., “striatal clusters ”,
sex ”, “age ” and “hemisphere ”) ( Fig. 8 ). We found significant lower GM
olume of all striatal clusters in PD compared to HC. In female subjects,
D patients have lower GM volume of the whole striatum than HC. Sig-
ificant lower GM volume of central, ventral putamen and rostral cau-
ate were found in SCZ compared to HC. No significant difference in
M volume of the human specific striatal cluster (dorsal caudate) was
ound between SCZ and HC. Moreover, we also found significant inter-
ctions between “disease status ” and “age ”, showing a significant neg-
tive correlation between GM volume of the striatum and age in both
CZ patients ( r = − 0.316, p < 0.001) and HC ( r = − 0.459, p < 0.001,
ig. 8 ). 
. Discussion 
This study investigated functional parcellation of human and
acaque striatum. To this end, we first demarcated the functional re-
ions of human and macaque striatum using connectivity based parcel-
ation (CBP) based on whole-brain RSFC. Three and six striatal cluster
olutions for both human and macaque were selected based on various
ata-driven model selection criteria. We found a dorso-ventral and a
ostro-caudal topographical organization in both human and macaque
triatum. We then used these clusters as a basis to estimate cross-species
imilarity between pairs of human-macaque clusters based on their RSFC
ith 82 Regional Map (RM) homologous cortical regions. Significant
imilarity in the cortico-striatal RSFC were found between the human
nd macaque rostral caudate and putamen for both left and right side.
owever, there was no significant similarity in the cortico-striatal RSFC
etween human dorsal caudate and any of the macaque striatal clusters.
urther analysis of this human-specific dorsal caudate cluster revealed
ross-species differences in its cortico-striatal RSFC, especially with the
refrontal regions, somatosensory cortex and visual areas. When prob-
ng for clinical significance, RSFC between this human-specific cluster
dorsal caudate) with visual area, auditory cortex, IPC, somatosensory
X. Liu, S.B. Eickhoff, S. Caspers et al. NeuroImage 235 (2021) 118006 
Fig. 8. Difference in VBM of striatal clusters 
(at k = 6) between patients with (PD, SCZ) 
and HC. Abbreviation: PD, Parkinson’s disease; 
SCZ, schizophrenia; HC, healthy controls; L(R), 
















































































ortex were found to be stronger in SCZ than HC. Also, structural atro-
hy in this human-specific cluster was found in PD patients compared
o HC. 
.1. Functional parcellation of the human striatum 
The human striatum was divided into caudate and putamen at the
implest parcellation with k = 2. Although informative as a baseline, this
olution was not selected by our data-driven model selection suggesting
 more complex functional organization of the striatum. Solutions with
 and 6 clusters were selected by various selection criteria (Table S5)
nd are discussed below in detail. 
At the 3-cluster solution for the human striatum, we observed a cau-
ate nucleus cluster and the putamen was split into rostral and caudal
arts ( Fig. 3 ). Our parcellation of the putamen at this solution is similar
o recent study that parcel the putamen into anterior and posterior part
ased on functional connectivity gradients ( Tian et al., 2020 ). Finding
ifferent parcels associated with the caudate nucleus and the putamen
s in line with the modular view of the striatum and the different func-
ions of these two major modules ( Grahn et al., 2008 ). Although the tra-
itional view suggests that the putamen is more associated with motor
unctions, several studies have demonstrated that it is also related to var-
ous cognitive processes including learning and memory ( Ell et al., 2011 ;
’Doherty et al., 2004 ). Choi et al. (2012) investigated RSFC between
triatal subregions and seven cortical networks (visual, somatomotor,
orsal attention, ventral attention, limbic, frontoparietal and default
ode) as identified by Yeo et al. (2011) . They found that the ventral
ttention and frontoparietal networks were connected with the rostral
utamen, while the somatomotor network was primarily connected with
he caudal putamen. In addition, Jung et al. (2014) found the rostral
utamen was positively linked to affective and cognitive control cortical
egions, whereas the caudal putamen was positively linked to more mo-
or control cortical regions. Pauli et al. (2016) analyzed 5809 functional
maging studies and estimated task-based functional co-activation pat-
erns of the striatal voxels with the cerebral cortex. According to these
o-activation patterns, the putamen was divided into the rostral part that
as related to social and language functions, and the caudal part asso-
iated to sensorimotor processes. In line with these previous findings
ur functional parcellation of the putamen suggests a differentiation in
ntrinsic RSFC and functions between its rostral and caudal parts. 11 The 6-cluster results were generally similar across hemispheres and
howed an overall similarity with our previous multi-modal CBP of the
uman striatum ( Liu et al., 2020 ). The RSFC patterns between our stri-
tal clusters and the seven Yeo cortical networks was similar to that of
hoi et al. (2012) (Fig. S10). Similar parcellation were shown in the
arcia-Garcia et al. (2018) study which found stable striatal clusters in-
luding the rostral, dorsal caudate, caudal putamen across three scans.
nother study ( Kim et al., 2013 ) applied the temporal independent com-
onent analysis (ICA) to cluster the basal ganglia and the thalamus into
1 functional subdivisions. They found the caudate was divided into
ead, body and tail parts. In our parcellation, the rostral part of the
audate was close to the head, while the dorsal and dorsomedial parts
pproximately matched the body and the tail of the caudate, respec-
ively. Differences in functional connectivity of meta-analytic connec-
ivity modeling (MACM) between the head and body/tail of the cau-
ate nucleus revealed that the head of the caudate is more involved
n cognitive and emotional processes compared to the body and tail
 Robinson et al., 2012 ). In addition, our striatal clusters were similar to
hat in Janssen et al. (2015) study, who found the caudate was divided
nto dorsal, ventral, rostral part while the putamen was split into dorsal,
ostral, caudal part. The slight difference is likely caused by differences
n data and clustering methods. 
Our functional parcels of human striatum were partly in agreement
ith previous structural CBP of the striatum. Leh et al. (2007) applied
TI tractography to examine the structural connectivity between the
rontal cortex and the striatum. They found the dlPFC projects to dorso-
audal caudate while vlPFC projects to ventro-rostral caudate. For puta-
en, structural connectivity was found between supplementary motor
rea (SMA) and dorso-caudal putamen, between premotor area and me-
ial putamen, as well as between primary motor area lateral putamen. In
nother study, Tziortzi et al. (2014) used similar methods and showed
hat the frontal lobe projects to almost the whole caudate, the rostral
nd central putamen while the parietal lobe projects to caudal caudate
nd dorso-caudal putamen. Small-interspersed projections from the tem-
oral and occipital lobe were observed in the ventro-caudal putamen.
verall, these structural connectivity based studies divide the striatum
long the dorso-ventral and rostro-caudal axes. Similar to these find-
ngs, our functional parcellation at 6-cluster solution discerned rostral,
orsal caudate and ventral, caudal putamen, which may suggest a con-
ergent functional and structural organization of these striatal clusters
 Liu et al., 2020 ). 

































































































































s  .2. Functional parcellation of the macaque monkey striatum 
Data-driven model criteria also suggested 3 and 6 cluster solutions
or the macaque striatum, which are discussed here. We found the
acaque striatum to be divided into rostral, dorsal caudate and puta-
en in the 3-cluster solution ( Fig. 3 ). A previous study found the focal
rojections from lateral Brodmann Area 9 (BA9), a part of the frontal
ortex, terminated in the dorsal caudate, while projections from BA46
erminated in the putamen ( Calzavara et al., 2007 ). Previous studies
 Johnson et al., 1968 ; Kemp and Powell, 1970 ) investigated the fiber
egeneration and revealed a rostro-caudal organization for cortical ter-
inal in striatal regions. Our parcellation of macaque striatum is gener-
lly consistent with these reports. The rostral caudate probably includes
he major part of the head of the caudate. This region is assigned to the
ortico-striatal loop that receives afferent projections from dorsolateral
refrontal cortex and lateral orbital frontal cortex, which is related to
motions, motivation and higher cognitive processes ( Alexander et al.,
986 ; Haber, 2003 ). Our parcellation result confirms this differential
SFC. The parcellation results differed between human and macaque
triatum at this clustering granularity. In humans, the putamen was split
nto rostral and caudal parts, while in macaques, the caudate was di-
ided into rostral and dorsal parts. However, it should be noted that
he information that can be gained from a low granularity parcellation
s limited, given the complex functional organization of the striatum.
e hence compared human and macaque striatum parcellation at the
igher granularity of 6 clusters. 
At the higher granularity of 6 clusters, the macaque rostral caudate
rom the 3-cluster solution was further divided into dorsal and ventral
arts ( Fig. 3 ). Previous non-human primate studies has shown that the
orsolateral part of the caudate head connects with the dorsolateral
refrontal regions, while the ventromedial part connects with the or-
ital frontal regions ( Alexander et al., 1986 ; Goldman and Nauta, 1977 ;
ünzle, 1978 ; Selemon and Goldman-Rakic, 1985 ; Yeterian and Van
oesen, 1978 ). The dorsolateral part of the caudate head also receives
rojections from the arcuate premotor area and posterior parietal cor-
ex (BA 7) ( Künzle, 1978 ; Selemon and Goldman-Rakic, 1985 ). This stri-
tal region is related to gold directed actions, such as working memory
 Bonelli and Cummings, 2007 ). Our results are partly in line with and
xtend these previous findings, suggesting a convergent functional and
tructural connectivity of the rostral caudate/head caudate. In addition,
ompared with the parcellation of the human striatum at this 6-cluster
olution, the human rostral caudate that was not split. This suggests a
ore homogenous RSFC within the human rostral caudate than within
acaque rostral caudate. 
Taken together, based on the CBP analyses we found differential
unctional parcellation of human and macaque striatum based on their
SFC, especially concerning the rostral caudate. These results may be
elated to disproportionate volumetric differences in the regions func-
ionally connected with the striatum, such as human prefrontal cor-
ex ( Carlén, 2017 ; Smaers et al., 2017 ), hippocampus and amygdala
 Barger et al., 2014 ) during primate evolution, and may have altered
SFC of these striatal regions and generated differential functional par-
ellations in humans and macaques. 
.3. Cross-species comparison based on homologous cortico-striatal RSFC 
We compared human and macaque striatum parcellation results in
 data-driven fashion, which allowed us to quantify and localize the
xtent of similarity and differences. 
Similarity in the cortico-striatal RSFC of the rostral caudate and puta-
en was observed between human and macaque ( Fig. 5 ). Although
orrespondence between RSFC and microstructural connectivity fea-
ures of subcortical regions remains poorly understood ( Moerel et al.,
014 ; van den Heuvel et al., 2015 ), our findings supplement previ-
us studies showing similarities in the cellular and molecular composi-
ion and distribution, as well as functions of the striatum across species12  Betarbet et al., 1997 ; Haber and Knutson, 2010 ; Hardman et al., 2002 ;
ohrenz et al., 2016 ). For example, the caudal putamen is likely more
elated to motor functions in humans ( Marchand et al., 2008 ). Similar-
ty in cortico-striatal RSFC of the corresponding cluster between human
nd macaque suggests a similar mechanism and ability of primary ac-
ion execution. This result is in line with recent findings that functional
nvolvement of caudal/lateral putamen in cortico-striatal motor circuits
re similar across human, macaque and mouse ( Balsters et al., 2020 ).
oth humans and monkeys adopt saccadic eye movements to search
or objects in a crowded scene ( Henderson, 2003 ; Sheinberg and Lo-
othetis, 2001 ). The saccade patterns may change with different goals
nd thoughts ( Yarbus, 2013 ). The caudate in macaque monkeys partic-
pates in the visual selection based on the value of the visual objects
 Hikosaka et al., 2014 ). Our finding of significant cross-species similar-
ty of cortico-striatal RSFC of the rostral caudate may reflect somewhat
omparable mechanism relating to reward value-based selection behav-
or. In addition, several striatal clusters (e.g., rostrodorsal and rostro-
entral caudate) and their cortico-striatal RSFC were similar between
uman and macaque albeit not highly similar based on permutation
 -scores ( Fig. 5 B). Perhaps this is due to the similar connectivity and
unction of these adjacent striatal clusters. Hence, similar cortico-striatal
SFC of human rostral caudate with macaque rostral caudate, as well
s with macaque rostral putamen could be detected, given striatal clus-
ers in these locations are related to emotion and cognitive functions
 Liu et al., 2020 ). 
Intriguingly, there was no significant similarity in the cortico-striatal
SFC of the topographically similar dorsal caudate in the two species
 Fig. 5 B). This may suggest a functional modification of the dorsal cau-
ate during evolution. The caudate nucleus plays an important role in
ntegrating visual information and reward context in decision-making
 Doi et al., 2020 ). The dorsal caudate connects with dlPFC ( Choi et al.,
012 ; Robinson et al., 2012 ), and this circuit is associated with gener-
tion of motivation, including the expected reward of action, and pre-
iction of action-outcome contingency ( Balleine et al., 2007 ; Haber and
nutson, 2010 ; Mucci et al., 2015 ). In humans, the activation of dorsal
audate has been observed during anticipation of reward, which was re-
ated to real-life motivation ( Mucci et al., 2015 ). Based on the expected
eward, the dorsal caudate may mediate action selection as well as asso-
iating these actions with outcome in goal-directed behaviors. Accumu-
ated evidences ( Balleine et al., 2007 ; Burton et al., 2015 ; Hiebert et al.,
017 ; Hollerman et al., 1998 ) suggest that the striatum is a crucial part
f a circuit related to reward and decision-making in both human and
on-human primates. However, the caudate plays a different role than
he putamen as discussed above and whether involvement of the dor-
al caudate in goal-directed behaviors is affected by various complexi-
ies in human social interactions and induce alteration in its functional
nd structural connectivity between human and non-human primate is
till not known. During primate evolution, humans have presumably en-
ountered different rewards, decision-making and social communication
asks than non-human primate ( Santos and Rosati, 2015 ), which may
ave induced differential neural activity of the dorsal caudate reflected
n the presently observed dissimilar cortico-striatal RSFC between hu-
an and macaque. In a previous study ( Neubert et al., 2015 ), differ-
ntial functional and structural connectivity between cortical regions
elating to reward-guided learning and decision-making between hu-
an and macaque have been reported. Our findings showed dissimi-
ar cortico-striatal RSFC of dorsal caudate relating to relevant reward
nd decision-making functions can be detected in cross-species com-
arison supplementing previous studies. In addition, further post-hoc
nalysis revealed the macaque dorsal caudate to be strongly connected
o somatosensory cortex (pre/postcentral gyri) and visual areas, while
his region in human was more strongly connected to prefrontal regions
 Fig. 6 ). The pre/postcentral gyri are related to primary motor and sen-
ory functions, while the prefrontal regions are involved emotion, com-
lex cognitive control and motor functions. This difference in cortico-
triatal RSFC of the dorsal caudate may suggest its more involvement
































































































































p  n relevant reward and goal-directed behaviors in humans compared
o macaques. A recent study in humans showed that de novo motor
kill learning induces anterior-to-posterior transition of fMRI activity
n the caudate nucleus and suggested that stronger visual-caudate tail
unctional connectivity, as we found in macaques, hinders skillful per-
ormance ( Choi et al., 2020 ). In this context, our dorsal caudate cluster
hich partly overlaps with the caudate tail suggests that this potentially
volutionarily divergent cluster is essential for learning complex skills
nd might set us apart from non-human primates. 
In sum, similarity between humans and macaques in the cortico-
triatal RSFC of the striatal clusters may reflect a functional homology of
ostral caudate and the whole putamen. On the other hand, differences
n cortico-striatal RSFC of the dorsal caudate may be due to differences
n evolutionary pressure (e.g. due to type of social interactions, and the
eed to acquire complex skills). We speculate that the RSFC of the dor-
al caudate may have evolved to become more strongly connected to the
rontal regions, in effect increasing its involvement in more complex so-
ial functions. This complements, interspecies differences in brain struc-
ure (e.g., size and gyrification) and structural connectivity ( Heuer et al.,
019 ; Krubitzer and Kaas, 2005 ). 
.4. Clinical relevance of cortico-striatal RSFC and structural alteration in 
triatal clusters 
We first investigated alteration in cortico-striatal RSFC of our striatal
lusters between patients (PD and SCZ) and HC. 
The dysfunction of cortico-striatal circuitry has been implicated in
sychiatric and neurological diseases. Stephens et al. (2005) showed
educed density of dendritic spines in both caudate and putamen by
nalyzing postmortem tissue in PD patients. This indicates a break-
own of cortico-striatal connections in PD as dendritic spines receive
rucial excitatory input from the cerebral cortex. Previous in-vivo
euroimaging studies have revealed abnormal cortico-striatal RSFC
n PD ( Helmich et al., 2010 ; Hou et al., 2016 ; Luo et al., 2014 ).
elmich et al. (2010) found PD patients to show significantly decreased
SFC between caudal putamen and the inferior parietal cortex (lPC)
hile increased RSFC between rostral putamen and IPC. The caudal
utamen is associated with motor functions in cortico-striatal circuitry.
yperactivity of lPC has been observed during simple finger move-
ent, which may suggest that PD patients may highly recruit this sen-
orimotor region during simple motor tasks ( Samuel et al., 1997 ). De-
reased cortico-striatal RSFC between caudal putamen and IPC sup-
orts commonly observed dysfunction of motor networks in PD pa-
ients. Our results are in line with those previous findings. In addition,
revious nuclear imaging and postmortem studies ( Brück et al., 2006 ;
uttman et al., 1997 ; Kish et al., 1988 ) have showed that the sever-
ty of dopamine depletion in caudal putamen is relatively higher than
ther striatal clusters in PD patients. We also found increased RSFC
etween dorsal caudate (i.e., the human-specific cluster) and the IPC.
iven dopamine depletion of the caudate is relatively slight in PD pa-
ients, this finding may reflect a compensatory mechanism. That is, in-
reased RSFC between dorsal caudate and IPC may compensate for se-
ere dopamine depletion of caudal putamen inducing decreased cou-
ling with IPC. 
The dysfunction of the striatum is considered fundamental in dif-
erent hypotheses of the etiology of SCZ ( Fatemi and Folsom, 2009 ;
owes and Kapur, 2009 ). Dopamine dysregulation in the striatum have
een found in SCZ, and it has become the primary target for sev-
ral antipsychotic drugs ( Kapur, 2003 ). Previous neuroimaging stud-
es have reported abnormal RSFC in cortico-striatal circuits in SCZ. In
he current study, significantly stronger cortico-striatal RSFC in SCZ
as found for all striatal clusters with at least one of the cortical RM
OIs ( Fig. 7 ). This result was in line with previous studies that showed
ncreased RSFC between striatum and various cortices, including pre-
rontal, temporal and cingulate cortex, in SCZ patients ( Kirino et al.,
019 ; Salvador et al., 2010 ). This increased cortico-striatal RSFC may13 eflect disruption of segregation between subcortical and cortical func-
ional network ( Kirino et al., 2019 ). Specifically, we found significantly
tronger RSFC between striatal clusters (dorsal caudate, ventral and cen-
ral putamen) and posterior cingulate cortex (PCC) which is a part of the
efault mode network (DMN). Another previous study ( Salvador et al.,
010 ) reported hyper-connectivity between caudate and medial orbital
refrontal cortex —another cortical region within the DMN —suggesting
n overall disruption of DMN-striatum relationship in SCZ. Our findings
upport this viewpoint as we found hyper-connectivity between more
idespread regions within the DMN-striatum loop —ventral and central
utamen and PCC. We also found significantly stronger RSFC in SCZ
etween dorsal caudate (human-specific cluster) and widespread corti-
al regions, including temporal, visual areas, secondary auditory cor-
ex and primary somatosensory cortex. Interestingly, macaques showed
 stronger connectivity of an anatomically similar cluster with visual
nd somatosensory areas than healthy humans ( Fig. 6 ). The dopamin-
rgic innervation of dorsal caudate is elevated in humans compared to
acaques ( Raghanti et al., 2016 ). This increased dopaminergic input
ay reflect functional connectivity between cortical regions to dorsal
audate and involve specific behavioral and cognitive functions in hu-
ans like speech production and language whose disturbance is a core
ymptom of schizophrenia ( de Boer et al., 2020 ). Hence, the dopamine
epletion of dorsal caudate may induce relevant cognitive impairments
n SCZ patients. Combined with these reports, our finding suggest that
uman-specific reorganization in cortico-striatal RSFC between dorsal
audate and diverse cortical regions may play a vital role in the patho-
hysiology of SCZ. Taken together, this may suggest stronger involve-
ent of dorsal caudate in more complex reward and decision-making
nd goal-directed behaviors in humans than in macaques, and conse-
uently its impairment may be associated to abnormal cognition and
ehavior symptomatic to SCZ patients. 
We also observed significantly lower GM volume of all striatal clus-
ers for PD, and significantly lower GM volume of rostral caudate, ven-
ral and central putamen for SCZ patients compared to HC ( Fig. 8 ). Struc-
ural atrophy of striatum in PD and SCZ patients have been reported
 Gaser et al., 2004 ; Hanganu et al., 2014 ; Lewis et al., 2016 ), which
uggests that dopamine depletion induces morphological changes in
he striatum. Our results provide a potential structural correlate within
triatal clusters mirroring the dopaminergic dysfunction of striatum in
D and SCZ ( McCutcheon et al., 2019 ). While most previous studies
 du Plessis et al., 2018 ; Juckel et al., 2006 ; Rodriguez-Oroz et al., 2009 )
xamined the functional and structural alterations of the ventral stria-
um, we could show that central putamen could be similarly relevant
hen investigating PD and SCZ pathology. We also found different al-
erations in RSFC and GM volume of striatal clusters, for example, no
tructural alterations of dorsal and dorsomedial caudate, and caudal
utamen, while significant differences were observed in RSFC of these
triatal clusters with cortical regions in SCZ. Also, the altered RSFC and
M volume of striatal clusters are not in full accord between PD and
CZ, suggesting differential pathophysiology of these diseases. Despite
imilar pathophysiology between PD and SCZ, i.e. abnormal depletion
f striatal dopamine inducing functional and structural alteration of stri-
tal clusters, their physiological mechanisms need further investigation.
.5. Limitations and future work 
We acknowledge several limitations of the present study which can
e addressed in the future when more data becomes available and
ided by development of novel tools [In this Issue, Xu (2021) ]. First,
he RM atlas was used as homologous cortical regions between hu-
an and macaque. We acknowledge that this atlas may not provide a
erfect homology between neocortical areas of humans and macaques.
et, based on cytoarchitectonic, gross anatomical, and functional cri-
eria, minimizing cross-species discrepancies in ontology ( Kötter and
anke, 2005 ; Reid et al., 2016 ), the RM seems currently the most appro-
riate atlas available to compare cortico-striatal connectivity between






















































































































umans and macaques. With new methods for cross-species compar-
son being developed ( Xu et al., 2020b ), adapting them for regional
nd parcel-based comparison is an interesting methodological question
hich, if addressed, can further increase the specificity and sensitiv-
ty of cross-species comparison analyses. Future studies using alterna-
ive approaches to defining homologous cortical atlas, or comparison
f cortico-striatal RSFC in the cross-species common space may provide
urther insights. 
Second, we used the k -means clustering algorithm to divide the
uman and macaque striatum voxels into specified number of k
on-overlapping clusters based on the RSFC pattern of each striatal
oxel. The k -means clustering algorithm has been successfully em-
loyed in several CBP studies investigating different brain regions
nd modalities ( Chase et al., 2020 ; Crippa et al., 2011 ; Genon et al.,
018 ; Hartwigsen et al., 2019 ; Jung et al., 2014 ; Pauli et al., 2016 ;
lachti et al., 2019b ; Ray et al., 2015 ; Reuter et al., 2020 ; Xu et al.,
020a ) and is known to provide highly accurate solutions ( Thirion et al.,
014 ). However, it is also known that k -means algorithm can be unsta-
le and provide sub-optimal solutions. To circumvent this issue, in our
nalyses each k -means clustering was performed with 100 different ini-
ializations. 
Third, following suggestions during the review process, we at-
empted to improve the alignment between individual-level and group-
evel clusters by removing edges from the connectivity matrix at dif-
erent thresholds (5%, 25%, and 50%). The results are shown in Fig.
11 and Table S7. We obtained similar but slightly lower ARI values
hen comparing individual-level and group-level clusters. Future stud-
es should focus on improving the alignment between individual-level
nd group-level using other CBP pipelines, e.g. using different cluster-
ng algorithms like spectral clustering ( Arslan et al., 2018 ), employing
agging ( Nikolaidis et al., 2020 ), and incorporating spatial constraints
 Craddock et al., 2012 ; Schaefer et al., 2018 ). 
Fourth, our aim was to identify striatal clusters in humans whose
SFC with cortical regions differs from macaques. This human-specific
SFC, if evolutionary, can be either adaptive (protects from a disease)
r mal-adaptive (promotes a disease). Although based on our results
n SCZ we speculate that the connectivity of this cluster might be mal-
daptive, our current analysis is not sufficient to either confirm or refute
his hypothesis. Additional data from other primates and more disorders
s needed to make informed claims. 
A recent study found a trade-off between efficiency and robustness of
euronal activity in amygdala and cingulate gyrus ( Pryluk et al., 2019 ),
hich might explain complexity of human behaviors and cognition com-
ared to macaques, and why humans suffer from psychiatric diseases.
t will be interesting to investigate whether such trade-offs exist in the
SFC of the human dorsal caudate, and probe if it explains disorders
ike PD and SCZ. 
onclusions 
Functional parcellation revealed that the human striatum was split
nto dorsal, dorsomedial, rostral caudate and ventral, central, caudal
utamen, while the macaque striatum was divided into dorsal, rostral
audate and rostral, caudal putamen. The dorsal caudate showed dis-
imilar cortico-striatal RSFC between humans and macaques, suggest-
ng its connectivity to be human-specific. Also, abnormal RSFC of this
triatal cluster (among other clusters) with cortical regions was found
n both PD and SCZ, while structural atrophy within this striatal cluster
as observed only in PD. Taken together, our cross-species comparative
esults revealed shared and human-specific RSFC of striatal clusters re-
nforcing the complex organization and function of the striatum. Our in-
estigations of whole-brain RSFC based parcellation and comparison of
uman and macaque striatum show that the RSFC may be used to com-
are functional organization between human and non-human primates.
n addition to adding to our understanding of how human RSFC dif-
ers from that of macaque, our results also provide a testable hypothesis14 hat abnormalities in a region with human-specific connectivity might
e associated with complex neuropsychiatric disorders. 
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